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Abstract 

We build the complete supersymmetric version of a 3-3-1 gauge model using 
the superfield formalism. We point out that a discrete symmetry, similar to 
the R-symmetry in the minimal supersymmetric standard model, is possible 
to be defined in this model. Hence we have both R-conserving and R-violating 
possibilities. Analysis of the mass spectrum of the neutral real scalar fields 
shown that in this model the lightest scalar Higgs has a mass upper limit, and 
at the tree level it is 124.5 GeV for a given illustrative set of parameters. 

PACS numbers:11.30.Pb; 12.60.Jv: 12.60.-i 
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I. INTRODUCTION 



Although the standard model (SM), based on the gauge symmetry SU(3) C ® SU(2)l <S> 
U{1)y describes the observed properties of charged leptons and quarks it is not the ultimate 
theory. However, the necessity to go beyond it, from the experimental point of view, comes 
at the moment only from neutrino data [pj . If neutrinos are massive then new physics beyond 
the SM is needed. From the theoretical point of view, the SM cannot be a fundamental theory 
since it has so many parameters and some important questions like that of the number of 
families do not have an answer in its context. On the other side, it is not clear what the 
physics beyond the SM should be. An interesting possibility is that at the TeV scale physics 
would be described by models which share some of the faults of the SM but give some insight 
concerning some questions which remain open in the SM context. 

One of these possibilities is that, at energies of a few TeVs, the gauge symmetry may be 
SU(3) C <g> SU(3) L ® U(1) N (3-3-1 for shortness) instead of that of the SM @,§. In fact, this 
may be the last symmetry involving the lightest elementary particles: leptons. The lepton 
sector is exactly the same as in the SM but now there is a symmetry, at large energies 
among, say e~ , v e and e + . Once this symmetry is imposed on the lightest generation and 
extended to the other leptonic generations it follows that the quark sector must be enlarged 
by considering exotic charged quarks. It means that some gauge bosons carry lepton and 
baryon quantum number. Although this model coincides at low energies with the SM it 
explains some fundamental questions that are accommodated, but not explained, in the 
SM. These questions are: 

i) The family number must be a multiple of three in order to cancel anomalies @||. This 
result comes from the fact that the model is anomaly-free only if we have equal number of 
triplets and antitriplets, counting the SU(3) C colors, and further more requiring the sum of all 
fermion charges to vanish. However each generation is anomalous, the anomaly cancellation 
occurs for the three, or multiply of three, together and not generation by generation like in 
the SM. This may provides a first step towards answering the flavor question. 

ii) Why sin 2 9w < t is observed. This point come from the fact that in the model of 
Ref. p| we have that the U(1)n and SU(3)l coupling constants, g' and g, respectively, are 
related by 

2 = 9^_ sin 2 6 W 
~ g* l-4sin 2 ^' 1 ' 

Hence, this 3-3-1 model predicts that there exists an energy scale, say fi, at which the 
model loses its perturbative character. The value of fi can be found through the condition 
sin 2 6*v^(/i) = 1/4. However, it is not clear at all what is the value of \i\ in fact, it has 
been argued that the upper limit on the vector bilepton masses is 3.5 TeV [[| instead of 
the 600 GeV given in Ref. ||. Any way, the important point is that in this model the 
"hierarchy problem" i.e., the existence of quite different mass scales, is less severe than in 
the SM, and its extensions, since now no arbitrary mass scale can be introduced in the model. 
Hence, in this supersymmetric 3-3-1 model (thereafter called 3-3-ls for short) it is natural 
that supersymmetry is broken at the TeV scale This is very important because one of the 
motivation for supersymmetry is that it can help to understand the hierarchy problem: if 
it is broken at the TeV scale. Notwithstanding, in the context of the SM it is necessary to 
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assume that the breakdown of supersymmetry happens at the TeV scale. However, other 
3-3-1 models i,e., with different representation content, have different upper limit for the 
maximal energy scale M. 

Hi) The quantization of the electric charge is possible even in the SM context. This is 
because of the classical (hypercharge invariance of the Yukawa interactions) and quantum 
constraints (anomalies) JFJ. However this occurs only family by family and if there is no right- 
handed neutrinos (neutrinos if massive must be Majorana fields); or, when the three families 
are considered together the quantization of the electric charge is possible only if right-handed 
neutrinos with Majorana mass term are introduced || or another Higgs doublet || or some 
neutral fermions [|l(| are introduced. On the other hand, in the 3-3-1 model @Hf| the 



charge quantization in the three families case does not depend if neutrinos are massless or 
massive particles |TT| . 

iv) In the context of the SM with only one generation, as in the previous item, both 
classical and quantum constraints imply that the quantization of the charge and the vectorial 
nature of the electromagnetic charge arise together. When right-handed neutrinos are added 
there is no charge quantization but the vectorial nature of electromagnetic interactions 
survives. Both of them are restored if neutrinos are Majorana particles 0. In the three 
generation case neutrinos ought to be also Majorana particles in order to retain both features 
of the electromagnetic interactions P,|l"2||. On the other hand, in all sort of 3-3-1 models the 
quantization of the charge and the vectorial nature of the electromagnetic interactions are 



related one to another and are also independent of the nature of the neutrinos JT3[ . 

Last but not least, v) if we accept the criterion that particle symmetries are determined 
by the known leptonic sector, and if each generation is treated separately, then SU(3)l is the 
largest chiral symmetry group to be considered among (z/, e, e c ) l- The lepton family quantum 
number is gauged; only the total lepton number, L, remains a global quantum number (or 
equivalently we can define T = B + L as the global conserved quantum number where B 
is the baryonic number [14j]). On the other hand, if right-handed neutrinos do exist, as it 
appears to be the case Q, the symmetry among (u e , e, e c )z, would be SU(4)l®U(1)n flT5f . 
This is possibly the last symmetry among leptons. There is no room for SU(5)l <S)U(1)n 
if we restrict ourselves to the case of leptons with electric charges ±1,0 ||16|| . Hence, in this 
case all versions of the 3-3-1 model, for instance the one in Refs. PJ3]fi7[], and the one in 
Refs. |]6| JT^JT9|] , are different S , f/(3)i-projections of the larger SU(4)l symmetry fl~5| . 

Besides the characteristic features given above, which we can consider predictions of 
the model, the model has some interesting phenomenological consequences: a) An extended 
version of some 3-3-1 models solve the strong CP problem. It was shown by Pal [f2UJ that in 3- 
3-1 models [pj[3l|6l,|l9| the more general Yukawa couplings admit a Peccei-Quinn symmetry |2l| 
and that symmetry can be extended to the Higgs potential and, therefore, making it a 
symmetry of the entire lagrangian. This is obtained by introducing extra Higgs scalar 
multiplets transforming under the 3-3-1 symmetry as A ~ (1,10,-3), for the model of 

), for the model of Refs. P,|19||. In this case the resulting 



Refs. 



or A 



1,10, 



axion can be made invisible. The interesting thing is that in those sort of models the Peccei- 
Quinn symmetry is an automatic symmetry, in the sense that it does not have to be imposed 
separately on the lagrangian but it is a consequence of the gauge symmetry and a discrete 
symmetry, b) There exist new contributions to the neutrinoless double beta decay in models 
with three scalar triplets |14| or in the model with the sextet [22]. If the model is extended 
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with a neutral scalar singlet it is possible to have a safe Majoron-like Goldstone boson and 
there are also contributions to that decay with Majoron emission [22|. c) It is the simplest 
model that includes bileptons of both types: scalar and vector ones. In fact, although there 
are several models which include doubly charged scalar fields, not many of them incorporate 
doubly charged vector bosons: this is a particularity of the 3-3-1 model of Refs. |2|||. d) 
The model has several sources of CP violation. In the 3-3-1 model |||| we can implement 
the violation of the CP symmetry, spontaneously |2"3"| , |2"4] or explicitly P5 |. In models with 
exotic leptons it is possible to implement soft CP violation [^6] . e) The extra neutral vector 
boson Z 1 conserves flavor in the leptonic but not in the quark sector. The couplings to 
the leptons are leptophobic because of the suppression factor (1 — 4s 2 y ) 1 / 2 but with some 
quarks there are enhancements because of the factor (1 - As 2 w )- 1 / 2 [gTj. f) Although the 
minimal scalar sector of the model is rather complicated, with at least three triplets, we 
would like to stress that it contains all extension of the electroweak standard model with 



extra scalar fields: two or more doublets [EHJ, neutral gauge singlet pSfl, or doubly charged 



scalar fields ||30|| , or a combination of all that. However, some couplings which are allowed in 
the multi-Higgs extensions are not in the present model when we consider an SU (2) ® U(l) 
subgroup. Inversely, there are some interactions that are allowed in the present models that 
are not in the multi-Higgs extensions of the SM, for instance, trilinear couplings among the 
doublets which have no analog in the SM, or even the in MSSM. It means that the model 
preserves the memory of the 3-3-1 original symmetry. Hence, in our opinion, the large Higgs 
sector is not an intrinsic trouble of this model, g) Even if we restrict ourselves to leptons of 
charge 0, ±1 we can have exotic neutral |18| or charged heavy leptons [0. h) Neutrinos can 
gain Majorana masses if we allow one of the neutral components of the scalar sextet to gain 
a non-zero vacuum expectation value or if we introduce right-handed neutrinos [32 



or 



if we add either terms in the scalar potential that break the total lepton number or an extra 
charged lepton transforming as singlet under the 3-3-1 symmetry ||33|| . 

Of course, some of the goodness of this type of models, like that in items i), ii) and iv) 
above, can be considered only as a hint to the final resolution of those problems: they depend 
on the representation content and we can always ask ourselves what is the main principle 
behind the representation content. Anyway, we think that the 3-3-1 models have interesting 
features by themselves and that it is well motivated to generalize them by introducing 
super symmetry. In the present paper we built exhaustively the supersymmetric version of 
the 3-3-1 model of Refs. fH. 

The outline of the paper is as follows. In Sec. [TT] we present the representation content of 
the supersymmetric 3-3-1 model. We build the lagrangian in Sec. HJ. I n Sec. |V| we analyze 
the scalar potential, in particular, we found the mass spectrum of the neutral scalar and 
shown that the lightest scalar field has an upper limit of 124.5 GeV. Our conclusion are in 
the last section. 



II. THE SUPERSYMMETRIC MODEL 

The fact that in the 3-3-1 model of Refs. |||| we have the constraint at tree level 
sin 2 9w < 1/4 means, as we said before, that the model predicts that there exists an energy 
scale, say fi, at which the model loses its perturbative character. Thus in that model the 
"hierarchy problem" i.e., the existence of quite different mass scales, is less severe than in 
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the standard model and its extensions since no arbitrary mass scale can be introduced in the 
model. This feature remains valid when we introduce supersymmetry in the model. Thus, 
the breaking of the supersymmetry occurs in a natural way also at the TeV scale in this 
3-3-1 model. Some aspects of the supersymmetric 3-3-1 model have been already considered 



in Refs. []3"l , |3"5f and we will comment on later. 

However, let us first consider the particle content of the model without supersymme- 
try 0,0]. We have the leptons transforming as 




(1,3,0), I = e,n,r. 



(2) 



In parenthesis it appears the transformations properties under the respective factors 
(SU(3)c, SU(3)l, U(1)n). We have not introduced right-handed neutrinos and for the mo- 
ment we assume here that the neutrinos are massless, however see [0T-|33[|. 

In the quark sector, one quark family is also put in the triplet representation 



Q 



1L 




2 

3,3,- 

' '3 



(3) 



and the respective singlets are given by 

I). 



u 



IL 



3M, 



3*,1, 



J C L- 



3*,1, 



(4) 



writing all the fields as left-handed. 

The others two quark generations we put in the antitriplet representation 



Q 



2L 



d 2 

u 2 ■ ■ 

•71 I L 

and also with the respective singlets, 



U 2L >%L~ 



Q 



3L 




3,3* 



37 ' 



(5) 



3*,1,-- , j d% L ~ 3*, 1, 



JlL 5J2L 



3M, 



(6) 



On the other hand, the scalars which are necessary to generate the fermion masses are 




;i,3,o), P 



;i,3,+i), x 




(1,3,-1), (7) 



and one way to obtain an arbitrary mass matrix for the leptons is to introduce the following 
symmetric anti-sextet 



(8) 







h t 


h- 


\ 








V2 






s = 


^/2 


Ht + 


V2 




~(1,6*,0) 




!h 

\ V2 


V2 




) 
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Now, we introduce the minimal set of particles in order to implement the supersymme- 
try [P6 |. We have the sleptons corresponding to the leptons in Eq. (g); squarks related to 
the quarks in Eqs.(f|)-(|6]); and the Higgsinos related to the scalars given in Eqs. (0) and (||). 
Besides, in order to to cancel chiral anomalies generated by the superpartners of the scalars, 
we have to add the following higgsinos in the respective anti-multiplets, 




1,3*, 0), p' 



( t 



;i,3*,-i), x' 



x' + 

x' ++ 



;i,3*,+i), 



(9a) 



S' 



(a? 


K 


K + 






V2 




h' 2 




°f 




V2 






h'+ 
\ V2 


V2 




) 



;i,6,o). 



(9b) 



There are also the scalar partners of the Higgsinos defined in Eq. (|9]) and we will denote 
them rf, p', x' i S' . This is the particle content which we will consider as the minimal 3-3-ls 
model if the charged lepton masses are generated by the sextet S. 

Summaryzing, we have in the 3-3-1 supersymmetric model the following superfields: 



Q 



1,2,3- 



V, P, X, S; f)', p\ x', S'; 



u 



1,2,3? 



^1235 J ari d Ji,2; i- e - ; 23 chiral superfields, 



and 17 vector superfields: V a , V a and V . In the minimal supersymmetric standard model 
(MSSM) there are 14 chiral superfields and 12 vector superfields. 



III. THE LAGRANGIAN 

With the superfields introduced in the last section we can built a supersymmetric invari- 
ant lagrangian. It has the following form 

£331 — £-SUSY + £soft- (10) 

Here Csusy is the supersymmetric piece, while £ so /t explicitly breaks SUSY. Below we will 
write each of these lagrangians in terms of the respective superfields. 



A. The Supersymmetric Term. 



The supersymmetric term can be divided as follows 

^SUSY £ Lepton ^Quarks ^Gauge £ Scalar j 

where each term is given by 



C 



Lepton 



d 4 e 



Le 2 ^L 



(11) 



(12) 
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^Quarks 



and 



{-'Gauge 



Jd 4 9 [Q ie ^(Vc+V)H29'mV']Q i+ Q ae 2[ g (V c+ V)-( 9 '/3)V']Q a 

+ Uie 2[9iVc+i/) ~ {29 ' ' /3)i/ ' ] Ui + ^e 2[9{ ^ + ^ )+(9 ' /3) ^' ] ^ 

+ J e 2[g(V c +V)-(5g'/3)V']j + J g2fo(V c +V)+(V/3)V']j 1 ( 13 ) 

d 2 6 [W*W? + W<W a + W'W J d 2 6 [W?W° + W a W a + WW] , (14) 



where V c = T a V c a , V = T a V a and T a = X a /2 are the generators of SU(3) i.e., a = 1, • • • , 8, 
and g and g' are the gauge coupling of SU (3) l and [/ (1) jy. W c a , and W 7 are the strength 
fields, and they are given by 

1 



W a 

etc 



-DDe~ 2gVc D a e' 2gVc 
8g 

W« = -—DDe~ 2 ^D n e- 2 ^ 



w 



8g 
1 



DDD a V . 



(15) 



Finally 



■-Scalar 



= d 4 9 



fj&v* + p^v+g'Vp + ^e 2gV - g ' v 'x + Se 2gV S 
+ n'e 2gV v' + pe 2gp - g ' p 'p' + xe 2gp+g ' p 'x' + S ' e 2gp S' 

+ J d 2 ew + J d 2 ew, 

where W is the superpotential, which we discuss in the next subsection. 



(16) 



B. Superpotential. 

The superpotential of our model is given by 

Wo Wi 

^IT + IT' (17) 
with W2 having only two chiral superfields and the terms permitted by our symmetry are 

W 2 = HoLtf + iijfyfj + Uppp' + fx x xx + PsSS', (18) 

and in the case of three chiral superfields the terms are 

W 3 = XieLLL + \ 2 eLLf) + \ 3 LLS + \4eLxp + fitpXV + + hxfiS + f[ep'x'rj' 

+ ffflv'S' + f&'p'S' + I>i4i77'u? + K2iQip'd1\ + K.Q.x'r + J2l K ^iQ a f)d C i 

i cti 

+ K-5aiQapUi] + E K ^(sQ aXJp + E KTcAjQaU^j + E W^^fc 
a/3 aij i,j,k 

+ E faffifr e M + E J% (19) 

ij/3 i/3 
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with i,j, k = 1, 2, 3, a = 2, 3 and /3 = 1, 2. 

All the eight neutral scalar components r/°, p°, x°, <^2i V'°> P'°> x'° gain non-zero vacuum 
expectation values. This arises from the mass matrices for quarks. In fact, defining (r)°) = 
v n /y2, (r]°') = v' /y/2, etc, from the superpotential in Eq. (|T^) the following mass matrices 
arise 



1 i KlWr, «12«J «13^ \ 

j K 5 2lVp /t522^p ^523^p J , (20) 



«53lV p K532^p «533*>p / 



for the w-quarks, and 



j / K 2 iVj, WfcjVj, /«23^ p \ 
^ = -7= «42lUtj «422«ij «423^ , (21) 
V «431^ «432^ «4333^ / 



for the rf-quarks, and for the exotic quarks, J and ji,2,we have Mj = k%v' x and 

V X I K 62l K 622 
y/2 V K 631 ^632 



r i = ( ^621 ^622 \ ^ (22) 



respectively. 

From Eqs.© and (||) we see that all the VEVs have to be different from zero in order 
to give mass to all quarks. Notice also that the w-like and <i-like mass matrices have no 
common VEVs. On the other hand, the charged lepton mass matrix is already given by 
Mlj = v a2 \ 3i j/\/2, where v a2 is the VEV of the (a 2 ) component of the anti-sextet S in 
Eq.(||). However, v' can both be zero since the sextet S' does not couple to leptons at all. 

The terms with //o,£i and f 2 in the superpotential W 3 given in Eq. (plj) violate the 
conservation of the JF = B + L quantum number. For instance, if we allow the £1 term it 
implies in proton decay [ftS ], However, if we assume the global U(l)p symmetry, it allows 



us to introduce the i?-conserving symmetry [07 1, defined as R = (— l) 3jr+2S . The T number 
attribution is 



T{U-~) = T{V~) = -F{J X ) = ^(J 2 , 3 ) = T{p-) 
= Fix") = Hx~) = Hm) = H°x) = 2, 



o, _ o (23) 



with T = for the other Higgs scalar, while for leptons and the known quarks T coincides 
with the total lepton and baryon numbers, respectively. As in the MSSM this definition 
implies that all known standard model's particles have even i?-parity while their super- 
symmetric partners have odd i?-parity. The terms which are proportional to the following 
constants: fi in Eq. flT8"|); A 1; A 4 , f 2 , f 2 , k 7 , £1,2,3 in Eq. ( |T9D violate the i?-parity defined 
above. The terms £ 2 , A4 were not considered in Ref. P5| . However, the term with £ 2 involves 
an exotic quark (heavier than the proton) so the analysis in that reference is still valid. 

As usual, the supersymmetry breaking is accomplish by including the most general renor- 
malizable soft-supersymmetry breaking terms but now, they must be also consistent with 
the 3-3-1 gauge symmetry. We will also include terms which explicitly violate the i?-like 
symmetry. These soft terms are given by 



S 



c 



soft 



™x c E KK +«aE + m'XX + H.c 



m 



pL - m 2 Ql Q\Qi 



m nV V ~ m xX X — m2 p P* P — m sTr (S'S) 



m~ n ,r\'rj — m~ p ,p'p — m^X'X ~ m «' Tr(S'^S') 



+ 



2 /t / 2 /t / 2 /t / 

,77 '77 — 777 p ,p ' p — 

hepxv + k 2 r]i]S^ + hxpS^ + k^ep'x'rj' + k 2 r)'rj'S'* + k' 3 x'pS ,Ji + 



H M 2 Lrj Jf + £ E e ijkLiLjL k + e% E e ijkLiLji] k + e 2 E ^i^j^ij + £ 3 E e ijkLiXjPk 

ijk ijk ij ijk 

+ J2Ql ((liV'tit + (2ip'd C i + (3JX'J C ) + E Qo(E( W W^ + ^aiPUi + E ^cdjUdj) 



+ E ^3X5 ) + E E ^jkdid C jU c k + E 

/3 i \jfc « 



^iadiJ C ~J C a + Y,^ijaU C i U C j ~j C a 



+ H.c. 



(24) 



The terms proportional to k 2 ,k' 2 , M 2 , e , £3, ^3, ft, 2,3 violates the _R-parity symmetry. 
The 577(3) invariance tell us that in 



/m 5 
mj 



(25) 



\ mji 

we need mj c = mj 7^ and the same for the other mass parameters. More details of the 



lagrangian will be given elsewhere [40 



IV. THE SCALAR POTENTIAL 

The scalar potential is written as 

V331 = V D + V F + V soit 

where 

V D = -L D = X - (D a D a + DD) 

= y (pV " P'V " X ] X + AT + y E {vl^jVj + plKjPj + xUtjXj + SjjX^S, 



(26a) 



kl 



'/i A ij 'Ij Pi A ij Pj Xi A ij Xj D ij A jk D kl J 



(26b) 



E 



Pi) , . f\ . ^J2 c 

^rVi + ^ijkPjXk + ^rVi^ij 



2/2 



+ 



Pp 1 1 fl , f% o 

~2 Pi ~3 e ' ijkXjr]k ~3 X ' 



1.1 



+ 



Px / 1 /l , J3 r, 

TrXi + -^-tijkPjVk + —piS l: 



+ 



ps c / . /2 

y^i + jViVj + —Xipj 



h 
3 



9 



+ 



2 



3 



2f2 „/ c' 

3 



+ 



/ ol 



+ 



A*p I fl II, 



'J 



(26c) 



scalar 



soft — '-'soft 

= mffir] + m 2 p p^p + m^X + m s Tr(£flS) + m^rj^r}' + m 2 pl p'^ p' + m^x^x' + ra^Tr (S'^S 1 ) 
+ [kie pxv + k 2 r]S J< r] + k 3 x T S*p + k[e p'x'v' + v' + k' 3 x' T S p' + H.c.]. (26d) 

Note that ^1,2,3, ^12 3 has dimension of mass and that the terms which are proportional to 
k 2 , k' 2 and / 2 , violate the _R-parity. 



It is instructive to rewrite Eqs. (|26b[) as follows 



V, 



D 



,' 2 n 

[fp-xx- P J P + xx) + 



8 



£(4^) 2 + 2£(^')(^ 



'J 



h3 



+ 2Tr[(S t S) 2 ] - ^(TrS^) 2 + pt 



(27) 



where "pt" in the expression above denotes the replacements X[ <-> X, but not in g' which 
is always the coupling constant of the Z7 (1) jv factor. In the same way we rewrite Eq. fl26c|) 



as 



Vf = Y1 ^f(XjX t + pt) + l -^(Tr(tfS) + pt) + \ £ {^[{hevtX* XjX k + fle ijk X}X>X' k 



6 6 

+ ^frtfSr, + fv j S' V ] + Pt + ^ySx + ^x' j Sp + p* s x ] S'p] + pt + H.c.} 



El, 
2 

+ \h\ 2 [J2( x l x i)( x j x i) - { x j x i)( x I x i)\ + Pt + 



4|/ 2 | 2 



[(^)t(^) + (77V]+pt 



+ 



I/3 



-KxsY(xS) + (psY(pS) + (x f x) Vp)] + Pt + 
+ [4r^ e (^) f x^ + pt + 4r% Wp) + pt + ff.c], 



2/1V2 



e(px) f vS + pt 



9 



9 



(28) 



where "pt" in the expression above denotes as before the replacements X- <-> Xj, and 
/( 2 3 «-> /i,2,3, and 2 3 ^ ^1,2,3- We have omitted SU (3) indices since we have denoted the 
unprimed triplets wherever it is possible as Xj = 77, p, x and X- = 77', p', x' but in each term 
only unprimed (primed) field appears. 

We can now work out the mass spectra of the scalar and pseudoscalar fields by making 
a shift of the form X — ► ~^(vx + Hx + iFx) (similarly for the case of the primed fields) 
for all the neutral scalar fields of the multiplets Xj. Note that Hx and Fx are not mass 
eigenstates yet. We will denote H iy i = 1, • ■ ■ 8 and A iy % = 1, • • • , 6 the respective massive 



10 



fields; will denote the two neutral Goldstone bosons. The mass matrices appear in the 
Appendix for the real scalars, and in the Appendix [B] for the pseudoscalar case. The 
constraint equations are given in the Appendix y. We will use below the following set of 
parameters in the scalar potential: 

h = h = 1, f[ = ft= 10- 6 , (dimensionless) (29) 

and 

— ki — k[ = 10, &3 = k' 3 = —100, — fi v = n P = —ji s = fi x = 1000, (in GeV), (30) 

we also use the constraint V 2 + V 2 + 2V 2 2 = (246 GeV) 2 coming from Mw, where, we have 
defined V 2 = v 2 + v' 2 and V 2 = v 2 + v' 2 and V% = v 2 a2 + v^. Assuming that v v = 20, 
v x = 1000, v a , 2 = 10, v' v = v' p = v' a2 — v' x = 1 in GeV, the value of v p is fixed by the 
constraint above. 

With this set of values for the parameters the real mass eigenstates Hi are obtained by the 
diagonalization of the mass matrix given in the Appendix [A[ Besides the constraint equations 
(Appendix 0) and imposing the positivity of the eigenvalues (mass square), and the values for 
the parameters given above we obtain the following values for the masses of the scalar sector 
(in GeV) M Hi = 121.01, 277.14, 515.26, 963.68, 1218.8, 1243.24, 3797.86, 4516.43, i = 1, • • • , 8 
and Mhj > with j > i. In the pseudoscalar sector we have verified analytically that 
the mass matrix in the Appendix [B], has two Goldstone bosons as it should. The other six 
physical pseudoscalars have the following masses, with the same parameters as before, in 
GeV, M A . = 276.4,515.3,963.65,1243.24,3797.85,4516.43. 

The behavior of the lightest scalar (if^and pseudoscalar (Ax) as a function of v x is shown 
in Fig. 1 for a given choice of the parameters, we see that, at the tree level, there is an upper 
limit for the mass of the lightest scalar: Mh 1 < 124.5 GeV and that for these values of the 
parameters M Al > Mz- Other values of the parameters give higher or lower values for the 
upper limit of Mh 1 - Of course, radiative corrections have to be taken into account, however, 
this has to be done in the context of the supersymmetric 3-3-1 model which is not in the 
scope of the present work. Hence the mass square of the lightest real scalar boson has an 
upper bound (see Fig. 1) 

M\ x < (124.5 + e) 2 GeV 2 (31) 

where 124.5 GeV is the tree value (e = 0). We recall that in the MSSM if M Al > M z the 
upper limit on the mass of the lightest neutral scalar is Mz at the tree level but radiative 
corrections rise it to 130 GeV 



V. CONCLUSIONS 

We have built the complete supersymmetric version of the 3-3-1 model of Refs. [0,0. 
Another possibility in this 3-3-1 model which avoids the introduction of the scalar sextet, S, 
was considered some years ago by Duong and Ma, Ref. [33|, who built the supersymmetric 



version of that model. The sextet was substituted by a single charged lepton singlet El ~ 
(1,1) and E C L ~ (1,-1). Here we would like to point out the differences between our 
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version of the supersymmetric 3-3-1 model and that of Ref. [Q. a) Duong and Ma assumed 



that the breaking of SU(3)l <8> C/(1)jv — ► SU(2) L ® U(l)y occurred before the breaking of 
supersymmetry and the resulting model is a supersymmetric SU(2)l ® U(l)y model. Even, 
in this case the scalar potential involving doublets of the residual gauge symmetry do not 
coincide with the potential of the MSSM. In the present work, we have considered that 
the supersymmetry is broken at the same time that the 3-3-1 gauge symmetry. Hence, we 
have to consider the complete 3-3-1 scalar potential. It means that in the Duong and Ma 
supersymmetric model there are no doubly charged charginos and exotic charged squarks. 
b) In Ref. it was assumed that some of the VEVs have zero value, unlikely we have 
considered all (but cr^ and a®) of them different from zero. Hence we are able to obtain 
realistic quark and charged lepton masses, as can be seen from Eqs.(pO|), (|2lf) and (|22). In 
Ref. |M| some of these masses have to be generated by radiative corrections |39[. From a) 
and b) we see that the 3-3-1 supersymmetric model considered in this work has different 
phenomenological features from the supersymmetric 3-3-1 model of Duong and Ma. 

From the phenomenological point of view there are several possibilities. Since it is 
possible to define the i?-parity symmetry, the phenomenology of this model with i?-parity 
conserved has similar features to that of the i?-conserving MSSM: the supersymmetric par- 
ticles are pair-produced and the lightest neutralino is the lightest supersymmetric particle 



(LSP). The mass spectra of all particles in this model will be considered elsewhere [40 



However, there are differences between this model and the MSSM with or without i?-parity 
breaking: due to the fact that there are doubly charged scalar and vector fields. Hence, 
we have doubly charged charginos which are mixtures of the superpartners of the [/-vector 
boson with the doubly charged higgsinos. This implies new interactions that are not present 
in the MSSM, for instance: \ X°U ++ , X~X~U ++ , l~l~x ++ where x ++ denotes any doubly 
charged chargino. Moreover, in the chargino production, besides the usual mechanism, we 
have additional contributions coming from the [7-bilepton in the s-channel. Due to this fact 
we expect that there will be an enhancement in the cross section of production of these par- 



ticles in e~e~ collisors, such as the NLC P0[ . We will also have the singly charged charginos 
and neutralinos, as in the MSSM, where there are processes like l~l + x°, ^dx + ^ with I de- 
noting any slepton; \~ denotes singly charged chargino and v L denotes any sneutrino. The 
only difference is that in the MSSM there are five neutralinos and in the 3-3-ls model there 
are eight neutralinos. 

Finally, we would like to call attention that, whatever the energy scale fi at which 
sin 2 6w{n) = 1/4 is in the non-supersymmetric 3-3-1 model, when supersymmetry is added 
it will result a rather different value for /i. In conclusion, we can say that the present model 
has a rich phenomenology that deserves to be studied more in detail. 
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APPENDIX A: MASS MATRIX OF THE SCALAR NEUTRAL FIELDS 



Here we write down the complete symmetric mass matrix in the scalar CP-even sector, 
the constraint equation given in the Appendix |C] have been already taken into account. 

g 2 v 2 1 

= yp + I8y /2 V (fih v l v n ~ 1 ^hVpV x + 3fiv' p fx p v x + fif 3 v a2 v 2 - 3f[fi v v' p v' x + 3fi/i x v 
1 3 



i\/r 


9 2 < , 


3 + 1<< 


Mi 2 = 


2 

y v r\ v p 


6 


M 13 = 


g\v P 


6 


M 14 = 


g\v a2 

6 


M 17 = 


g\v' x 
6 


M 22 = 





1 3 
+ --^{Vhvp - 7jfi^ P v 'p + ^fiv v v x - fihv a2 v x ) 



flh , 2^ 2^ A/r 9\v' n g\v'p 1 , 

Y^[v p + v x ), M 15 = M 16 = — ^ - ^=0Vx - /i^ x ) 



V 

+ 



= — g"^ + g^/f^/V^ - M 18 = g 

a 2 1 

M 23 = -(y + g' 2 )v p v x + —j=(l2k lVll + &V2hv a2 + 2/V„< + V2f 3t x s v'J 
+ yy (/i + /I), M 24 = £ Vp v x + ^=(-2/^3^^ + V2f 2 v a2 v p + 9V2k 3 v x + 
M 25 
M 27 

M 28 = + hfz» s v x + f^ p v' x ) 



jv' v v p + -^{fiWx - M ™ = "(y + y' 2 )^, 

(y + 9> P v'x - j^WK ~ fsO - ^ (2M - /31O, 



12 12 

M 33 = (y + y 72 )^ - ( 12fcl ^ + ^|*W«a + 2 hN v 'r, v P - 2 flV P v v v 'p + ^hHp v 'p 

+ ^h^sV P v' a2 - 2f[^ x v' n v' p + V2f 3 fj, x v'v' a2 ), M 34 = j-v a2 v x + -^=(^k 3 v p + -^=hn P v' p 

g 2 1 

- 2fJ 3 v v v x + V2f 2 v a2 v x ), M 35 = —v' v v x + —j=(f lflpVp - f'xHxv'p), 
g 2 1 

M 36 = (y + y' 2 )t^ x + j2V2^~ 2 ^ l/ipt;?? + ^^ P v„ 2 - V'\Vx v 'n + ^fafbc"'^ 

g 2 g 2 1 

M 37 = -(y + g' 2 )v x v' x , M 38 = -J2~ v 'a 2 v x + ^(hWp + f 3 Vx v ' P )> 

g 2 1 18 3 3 

M 44 = — v 2 a2 + (fihv v v 2 p - -j=k z v p v x - -j=hn P iJpV x + fif 3 v v v 2 p + -j=f 3 fi s v' p v' x 
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3 g 2 g 2 1 

- ^fthHx v P v ' x )i M45 = Y v v v <™ M46 = ~u v 'p v ° 2 + T^M^x + f^sv' x ), 

g 2 i g 2 

M 47 = -—v„ 2 v x + j^ifsVsVp + f3V x v p ), M 48 = -— v n v n , 

g 2 i 1 

M 55 = y^ 2 + 18v /2?/ ^^ V ? V '^ - 3 /lWfl + 3 f^X V 'p V X - 18fc ^X + 3 fl^P V P V X 

g 2 1 3 

+ fihiS n i%), M 56 = — g-ujuj + - f[fW P v 'a 2 - g/iWx + 9fc W x )' 

# 2 1 3 # 2 

- ^T^^? + w x 2 )' M 66 = (y + ^ ,2 )^? + 12 ^2 V , ( 2 f^p u n v x ~ V^/a/VVx + 2f[n x v' v v x 

12 

- V2f^ x v' a2 v x - I2k[v' v v x - -^=k' 3 v' a2 v' x - 2f[fi v v v v' x - V2f^ s v a2 v' x ), 

M 67 = ~(j + g»' x + r^j= (12A;i< + ^A£<, + 2/^ + v^//^ + 4=tf «X 

X 

+ VZfsHaVpVn - 2f l n x v v v p + y/2f^ x v p v a2 ), M 78 = — + — (6A£«J, + 



1 2 12 

18V2 



+ 7^(/K-/H)' 



M 88 = - lg ^ / (f[fWr,Vp + -j=hn,v p v x + ^fs» x v p v x + ^=k^v p v' x + -^=f z thc v ' P v x 

This mass matrix has no Goldstone bosons and 8 mass eigenstates. Some typical values 
of the masses of these scalars, for a set of values of the parameters, are given in the text. In 
Fig. [I] we show the behavior of the mass of the lightest scalar Hi with the v x , the largest 
VEV in the model. 



APPENDIX B: MASS MATRIX OF THE PSEUDOSCALAR NEUTRAL FIELDS 

The complete symmetric mass matrix in the CP-odd scalar sector, with the constraint 
equation of the Appendix |Cj taken into account, is given by 

Ml1 = 18V2v ^ 3V p V<T2 ~ 18k ^ v p v x + M ™ = (/i^x - 6 MJ> 
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Mi e = ^7^(f^v v 'x ~ fiVpV x ), Mir= ^mtfiN ~ hVx v p)i M *s = °> 

16 1 

M22 = (-Qhv v v x - -j=k 3 v a2 v x - hn v v v v x - -j=hn,v a2 v x + f[fipv' v v' x 

1 1 16 

M27 = — ^=(-2/(/y^ + V2fsfi p v' a2 - 2fifi x v v + V2f 3 fi x v a2 ), 

1 1 6 

-A^28 = ~^U^sV x + f 3 V P v x ), M33 = (~ 6 f lklV v v p ~ ^hv P v a2 - fi^ v v' v v p + fin p v v v' p 

-^35 = A=(fiH v Vp - f[Hx v x)> Mse = i^/2^~ 2 ^ lfipVv + ^f^p"** ~ 2 fil I x v v 
+ V2f 3 fi x v' a2 ), M37 = 0, M 38 = ^z{hn,v p + f 3 V x i 



yj c, t~s"p 1 J6t~X V p)i 



Jp V X 



3 3 1 

+ fifsv v v 2 x - -j=f 3 n s v p v' x - -^hVx V P V x)i M ^ = °> M ^ = - J^(f^p v x + f^sv' x ), 

M47 = -^(fsVpVp + hHx V 'p)i = °> 

M55 = 18 ^ v , (fifW p 2v 'a 2 ~ 3fiv v v p v x + Zf[ii x v p v x - + 3f[fipV p v' x + fif 3 v' a2 ~ J2 

+ zf^pv P v' x + /(/>; 2 <), M 56 = {^(Wx - kW x ), m 57 = ^(-MWp + fM, 

f f 1 



°2 V X 



P 

12 

^f^X V a2 V X ~ l2k 'l V 'r, V 'x ~ -/K k 3 V *2 V 'x ~ 2 flN V V V 'x ~ V2fi s V a2 v' x ) , 



1 12 1 



1 -• • ■ 12 

M77 



12V2 



I2k 3 v' v v' p - -j=k' 3 v' p v' a2 - 2f' lf i v v v v' p + 2f& p v' v v p - V2f 3 fi p v p v' a2 ). 



x 

M ™ = ~&( 6k 'z v 'p _ f'^p v p^ M ™ = 18^2V tfi&Vp ~ ~^sV p v x - -^^x v ' P v x - ^ k 3 v 'p v 'x 
3 

- -^f3Vp v P v 'x + flfWnv' 2 )- 

This mass matrix has two Goldstone bosons and 6 mass eigenstates. In Fig. [I] we show 
the behavior of the mass of the lightest pseudoscalar scalar A\ as a function of v x . Typical 
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values for the masses in this sector for a set of values of the parameters are given in the text. 



APPENDIX C: CONSTRAINTS EQUATIONS 

The constraints equations are 

^"H 9 /<-> 2 o 12 2 , 12 2 i 12 2 i /2\ i 2 , ^ 2 , A / 2 , 2 \ 

— = 7^(2^ - 2u„ - u p + v p - v a2 +v a2 -v x + v x )+m v + -n + -(v p + v x ) 



/l/3 ^0-2 / 2 , 2\ , ^1 "^P^X , I e I r I , £l I I \ 



t fl 2 11 fl' 2 

L P i/ / 2 1 /2 1 o 2 o '2 1 1 2 1 12 2 1 /2\ 1 » / 2 /2 2 , /2\ 

, /I / 2 , 2\,f$f 2 , o 2n /l/3 . 2 . 1 2 . fc l V ^X . hVazVx 

+ 18 (V " + ^ + ^ 2 + ^ " + ^ + 4"' + 71V + 

A /3 /' /' 



J p 

,2 „/2 



fi 1 / 2 1 /2 2 1 /2 1 2 /2 1 o 2 n '2\ , 9 / 2 12 2 , /2\ 



'x 



in 2 f 2 1 

L °2 y / 2 1 o /2 1 2 /2 /2, 2 , 2 /2\ , J3 / 2 , 2\ , 2,- L 2 

= 24 ( ~ " + " +V p~ V p ~ +v °2+ v x- v x) + + v x) + m s + l^s 

AM) , 2 . 2n . 1 / w / / , t , , t / ^, k 3V p V x 



^n' 9 / r) 2 1 /2 1 2 12 , 2 12 , 2 /2\ , 2 , ^ 2 , A , 

V 12 ( " + +^ 2 -^ 2 +t; x- v x)+ m ^ + 4^ + ^l- r -< v 



j- „2 11 „/2 

L p' y / 2 /2 o 2 1 o /2 2 1 l2 1 2 /2\ , iJ I 2 , /2 , 2 /2\ 

+ 4 ( < 2 + < 2) + + 2 < 2) - + m "' + \^ + ^7 (/i/i ^ t;x _ fi ^ Vx 

1 fc' f'f' k' v' v' 

+ f'lVv V V V 'x) + -^(f^P V *2 V X + f'^X V 'o2 V X + f^sVa 2 v' x ) + + J ^7^' 



4- „2 11 „/2 

L X' y / 2 /2 1 2 /2 1 /2 1 2 2 1 /2\ 1 i/ / 2 12 2 , I2\ 

— ^ = — \v — v + v — v -\ — f f — f +v )H [v — v — v + v ) 

v i 12 v v p p 2 2 2 x 2 p p x x 

+ f K + -p 2 ) + f (2< + <) + ^t/^ + -x' + ~/x + - /M«p 
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fiH x v v v p ) + Y^(f^pV P v' a2 + f^ s v' p v a2 + fsn x v p v a2 ) + -j= 



k[ v' v v' p k' 3 v' p v' 



V x 2 v' x ' 



t / n 2 f' 2 I 

"~2 i/ Co 2 o /2 2 , /2 2 , /2 2 , /2\ , J 3 c /2 , I2\ , 2 , - 1 



2 o '2 2 , /2 2 , /2 2 , I2\ , J 3 c /2 , I2\ , 2,^2 

V - - 24^-2^ -v p + v p -v a2 +v a2 -v x + v x ) + —(v p + v x ) + m CT , + -//, 
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FIG. 1. The eigenvalues of the mass matrix given in Appendix |A|, Mh\ is the mass of the 
lightest scalar and Ma the mass of the lightest pseudoscalar. 
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